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ABSTRACT
EFFECT OF BOUNDARY CONDITIONS ON THE MODAL RESPONSE
OF INTACT SURROGATE NUCLEAR FUEL RODS

By
BLAISE NGANYI IMBEMBE
University of New Hampshire, May 2018
The disposal of nuclear waste is a safety matter that requires in-depth knowledge of the
behavior of spent nuclear fuel assemblies. To reliably transport spent nuclear fuels, it is
necessary to understand their dynamic response, especially when material degradation is
present. As contribution to this effort, joint experimental and numerical analyses with Abaqus
have been conducted in this study to investigate the effect of boundary conditions on the modal
frequencies of intact (un-irradiated) surrogate nuclear fuel rods. To do so, a single cell spacer,
a simplified version of the actual fuel rod support (spacer grid), was modeled, designed and
fabricated. Cases of surrogate copper cladding alone, which represents Zircaloy-4 cladding,
and surrogate copper cladding enclosing unbonded steel pellets, which represent the uranium
dioxide fuel pellets, were examined using different span configurations to simulate the effect
of damaged supports due to irradiation. Also, to evaluate separately the effects of the two main
components of a spacer grid support, dimple and spring, on the modal behavior of the fuel rod,
the single cell spacer was used as open box in two configurations. A set of results for the three
first modal frequencies for different cases and configurations has been provided as a benchmark
for further studies.

viii

This study demonstrated that an intact single-cell spacer behaves analogously to a fixed
support. An evaluation of the vibration response of the fuel rod with partial intermediate singlecell spacer showed that the dimples have a greater effect than springs on modal frequencies of
the fuel rod. This is mainly due to the geometric configuration of the single cell spacer. It is
shown that the loss of intermediate supports (e.g., due to irradiation or temperature) has the
potential to expose the fuel rod to a risk of failure by resonance, as the shift in modal
frequencies (in the order of 15 to 71%) is expected to expose the rod to higher levels of stress
cycles. It was also observed that the pellets increase the modal damping ratios of the rods by
an amount equivalent to approximately 2% of critical for the fundamental mode of vibration.
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1 INTRODUCTION
As defined by the U.S. Nuclear Regulatory Commission, spent nuclear fuel (SNF) refers to
uranium-bearing fuel elements that have been used at commercial nuclear reactors and that are
no longer producing enough energy to sustain a nuclear reaction [1]. Once removed from a
reactor, spent nuclear fuel assemblies are stored in a specially designed pool. When the pool
approaches its capacity limit, the assemblies are placed in dry cask storage systems (Figure 1 )
at the power plant site or shipped in transportation casks (Figure 2 ) to independent spent fuel
storage installations (ISFSIs) [1].

Figure 1 Dry Cask storage systems [1]

Figure 2 Transportation Casks [1]
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The national transportation plan of the U.S. Department of Energy (DOE) established that more
than 90% of the spent nuclear fuel inventory will be transported by rail [2]. According to the
Congressional Research Service, there were 48,818 metric tons of commercial spent nuclear
fuels in pools and 13,856 metric tons stored in dry casks in 2009, and the total increases by
2,000 to 2,400 tons annually [3]. At the end of 2012, the estimated quantity of spent nuclear
fuel assemblies was 245,000 metric tons (140,000 from boiling water reactors [BWRs] and
105,000 from pressurized water reactors [PWRs]), generating approximately 70,000 metric
tons of uranium (MTU) [4]. The projected total spent nuclear fuel discharges for 2020 is
approximately 88,000 MTU [4]. By 2060, when all currently licensed reactors will have
reached the end of their operational licenses, assuming a maximum of 60 years of operation,
there will be approximately 140,000 MTU of spent nuclear fuel discharged from the reactor
fleet [4]. In 2013, commercial spent nuclear fuels were kept in temporary storage at 75 reactors
in 33 states [5]. Storing spent nuclear fuel for relatively long periods is a concern because after
removing nuclear spent fuel from the reactor, the fuel pellets inside the cladding still generate
a significant amount of radiation even if the fission process has stopped. A structural failure of
the degraded cladding due to vibration during transportation would release radioactive particles
and gases inside the transportation cask making hazardous the transfer process from temporary
storage casks to transportation casks and/or from transportation casks to permanent storage
casks.

2
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Figure 3 Location of temporary storages of commercial Spent Nuclear Fuel un U.S. in 2013
[5]
The U.S. Nuclear Regulatory Commission regulation requires the spent nuclear fuel not only
to maintain its integrity during storage but also to maintain its integrity in such way that it can
withstand the physical forces of handling and transportation associated with restaging the fuel
and moving it to treatment or recycling facilities, or to a geologic repository or other storage
facility [6]. So far, the U.S. Department of Energy has been sponsoring studies under the Used
Fuel Disposition Campaign (UFDC) to provide a more reliable quantification of used nuclear
fuel assembly structural performance under NCT. The two types of reactors in US, Pressurized
water reactor (PWR) (Figure 4 ) and bowling water reactor (BWR), use assemblies where the
rods are kept together in bundles by spacer grids that provide support when the fuel assembly
is placed horizontally during transportation. The vibration behavior of a fuel assembly is
defined not only by its material properties and geometry but also by the boundary conditions
3
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provided by spacer grids which are critical structural components. A spacer grid supports fuel
rods, guides cooling water, and maintains geometry from external impact load [7]. The springs
and dimples of spacer grids absorb vibration and impact during the process of loading the fuel
rods into the spacer grid, shipping and handling of the fuel assembly, and the reactor operation
[8]. Given that more than 90% of the temporary storage are located in the East Coast, Midwest
and South (Figure 3 ), many casks would have to be transported along distances of hundreds
or thousands of miles to the expected location of the permanent repository in Yuca Mountain,
NV. Thus, concern exists with regards to the potential fatigue failure of fuel rods due to
vibration during NCT, especially when spent nuclear fuel rods might have to be stored on site
or at ISFSI for centuries and not decades, as originally anticipated.
The present study focused on the effects of boundary conditions (spacer grids) of a fuel rod on
the natural frequencies of un-irradiated fuel rods that form part of PWR fuel assemblies. Beside
evaluating the effects of potential damage to all the components of the spacer grids, the
influence of the properties of springs and dimples on the modal behavior of the fuel rod was
also investigated. Modal damping ratios were also evaluated. Modal frequencies and modal
damping ratios are useful to characterize the dynamic response of the fuel rods and develop
reliable numerical models useful for performance and risk assessment during accidents
scenarios (impact loading) or normal conditions of transport (fatigue loading).
To carry out this study, a single-cell spacer with generic geometry was designed and fabricated,
based on information obtained from a literature review, to provide support to a surrogate copper
cladding. For the first part of this study, the entire single-cell spacer was used to evaluate the
frequencies of the fuel rod with different span configurations. These span configurations were
used to simulate the assumed extreme situation where intermediate supports are significantly
damaged, e.g., by irradiation or temperature, to the extent that the level of restraint they provide
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to the fuel rod is negligible. In reality, the supports, especially the dimples, will have a residual
stiffness even after damaged, but a gap may appear between the rod and dimples (or even the
springs). A sensitivity analysis of spring stiffness was performed numerically to investigate the
effect of stiffness changes on the modal frequencies of the surrogate fuel rod.
For the second part, to investigate separately the effects of spring and dimple on the modal
behavior of the rod, the single-cell spacer was modified into an open-box configuration. Two
cases were examined: a surrogate fuel rod without pellets, and surrogate fuel rod with steel
pellets that represent the uranium dioxide fuel. In this latter case, the steel pellets were in
contact with the inside of the cladding (unbonded) with a gap of 120 m between pellets and
cladding. Typical initial gaps present in Zicaloy-4 fuel rods with uranium dioxide pellets can
be as small as 80 m. However, fabricating specimens with this latter gap size is challenging.
From a practical point of view, given the limitations present in the fabrication of specimens for
this study, a gap of 120 m was the smallest gap size that could consistently be obtained
throughout the length of the specimen. In addition, the rod was sealed at both ends with tape to
prevent the unbonded pellets from falling off the cladding. Numerical models were used in
Abaqus to validate the experiments results.
The case of cladding without pellets does not represent a realistic situation but served to
validate the numerical model of the cladding before a combined model with cladding and
pellets was validated. Also, the comparison of the modal responses in both cases allowed the
evaluation of the relative contribution of the pellets to the modal response of the surrogate fuel
rod. In a used nuclear fuel assembly, the gaps between pellets and cladding as well as between
pellets eventually disappear due to the swelling of pellets. The pellets become bonded,
especially to the cladding. However, it is not accurately known whether this bonding would
weaken or even disappear after wet and dry storage. Moreover, once fuel rods are extracted
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from the reactor, pellets are expected to be cracked. Thus, the actual state of pellets in a used
nuclear fuel rod and its potential bonding to the cladding are unknown. In this research, pellets
are considered to be intact but upper- and lower-bound cases are considered for pellet-cladding
bonding: pellets completely bonded to the inside of the cladding (but not to one another) and
pellets not bonded to the cladding and to one another.
The results from this study demonstrate that intact spacer grid supports provide boundary
conditions that are analogous to fixed supports at the ends of the span of each fuel rod.
However, when at least one spacer grid is damaged (e.g., permanent loss of contact between
cladding and dimples or springs), the modal frequencies of the fuel rod change significantly.
Therefore, the level of stress experienced by fuel rods during NCT will change, which should
be accounted for during performance evaluation and risk assessment studies. Based on
expected loading on a nuclear fuel assembly railcar, the results from this study demonstrate
that the loss of intermediate supports will expose the fuel rod to vibrations at higher strain
(stress) levels due to resonance. Moreover, it is shown that the contribution of steel pellets to
the modal frequencies of the fuel rods is controlled by the addition of mass to the system, as
the steel pellets provide negligible contribution to the stiffness of the system. Finally, the
presence of steel pellets increases the first two modal damping ratios of the fuel rods by an
amount equivalent to approximately 2% of critical.
The literature proved to be rather scarce to identify information on the modal behavior of a
single used nuclear fuel rod. One exception is the study by Zargar et al. (2015). Therefore, the
present research aimed to contribute to benchmarking the modal response of single fuel rods
considering different degrees of physical damages to spacer grids in order to help understand
the influence of different components of the spacer grid on the dynamic characteristics of the
rod. Beam or wire elements can be used to model the vibration response of fuel rods. This
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modeling simplification can be used to simulate numerically the contribution of pellets in the
modal response of a fuel rod and considerably reduce the complexity of modeling, especially
the cladding-pellet interaction or the pellet-pellet interaction.

2 OVERVIEW OF DIFFERENT TYPES OF REACTORS
2.1

Types of nuclear fuel assemblies and reactors

The types of nuclear fuel assembly configurations vary accordingly with the types of nuclear
reactors. There are mainly six types of nuclear reactors: Pressurized water reactors (PWR),
boiling water reactors (BWR), pressurized heavy water reactors (PHWR), advanced gas-cooled
reactors (AGR), high-power channel reactors (RBMK: Reaktor bolshoy moshchnosty kanalny)
and fast neutron reactors (FNR).
2.1.1 Pressurized water reactors (PWR)
Accounting for two-thirds of installed nuclear reactors worldwide, pressurized water reactors
are the most used. A PWR core uses normal water as both neutron moderator and primary
coolant kept under a pressure of about 10 MPa to prevent it from boiling. After its upward
passage past the fuel in the first loop, the water (coolant) reaches a temperature of about 330o
C and then goes to heat the water (feedwater) in the secondary loop to create a stream in the
steam generator. The steam drives the turbine to generate electricity in the generator. Once
passed through the turbine, the steam is condensed into water in the condenser and the resulting
water goes back to the steam process. The coolant from the reactor and the feedwater in the
steam generator never mix. Thus, most of the radioactivity remains in the reactor. A PWR
circuit is shown in Figure 4
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Figure 4 Pressurized water reactor circuit (https://www.nrc.gov/reading-rm/basicref/students/animated-pwr.html)
A PWR fuel assembly consists of rods kept in bundles by spacer grids and sitting on a bottom
nozzle fixed through a lattice arrangement. The top of the rods is crowned by a top nozzle. In
the assembly, some rod positions designated as guide thimble are dedicated to neutron source
rods, control rods, test fuel rods or instrumentation. The PWR fuel rod is a long zirconium
metal tube containing fissionable (UO2) pellets. The schematic of a PWR fuel assembly is
illustrated in Figure 5 Western PWR fuel assemblies consist of a square lattice configuration.
A typical PWR fuel assembly has a 20 cm grid of 17x17 rods and stands between four to five
meters high.

8
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Figure 5 Schematic view of Mitsubishi PWR fuel assembly [9](http://www.worldnuclear.org/information-library/nuclear-fuel-cycle/conversion-enrichment-andfabrication/fuel-fabrication.aspx)

2.1.2 Boiling water reactor (BWR)
Boiling water reactors are the second most used nuclear reactor accounting for one-quarter of
installed nuclear reactors. Unlike PWR, in a BWR the water (coolant) is turned directly to
steam under 290o C and 7 MPa in the reactor pressure vessel. The steam drives a turbine to
produce electricity in the generator and is recycled back into water by the condenser to go again
in the heat process. The radioactivity spreads to the turbine and the condenser. A BWR circuit
is illustrated in Figure 6

9
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Figure 6 Boiling water reactor circuit (https://www.nrc.gov/reading-rm/basicref/students/animated-pwr.html) [1]

A BWR fuel consists of a module of four assemblies separated by a cruciform control blade.
The assemblies in a module are isolated from each other by a water-filled zone where are
located the cruciform control rod blades. Each fuel assembly is enclosed in a Zircaloy sheath
which directs the flow of coolant water through the assembly where the coolant reaches the
boiling point. BWR fuel assembly is a 6x6 to 10x10 rods in a square lattice. The fuel rod
comprises a zirconium cladding enclosing uranium oxide ceramic pellets. The claddings are
allowed to fill with water in order to increase the amount of moderator in the central region.
The schematic of a BWR fuel assembly is presented in Figure 7
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Figure 7 Schematic of BWR fuel assembly [9]

2.1.3 Pressurized heavy water reactor (PHWR)
Pressurized heavy water reactors, also called Canadian Deuterium Uranium (CANDU), are
originally a Canadian design and represent about 6% of installed world nuclear reactors.
PHWR uses heavy water (Deuterium oxide D2O) as coolant and moderator. The coolant is kept
under pressure and heated to high temperature without boiling. In a PHWR, the fuel bundles
are loaded horizontally in pressure tubes which penetrate the reactor vessel (Calandria). Each
pressure tube can contain twelve bundles. A fuel bundle contains 28, 37 or 43 fuel rods and has
a diameter of about 10 cm. A PHWR fuel rod is approximately 50 cm long. Due to their short
length, PHWR fuel rods do not require support structures like the other reactor fuel types.
11
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Unlike PWR fuel rods, PHRW fuel rods do not need to maintain a pellet-cladding gap since
the pellets swell very little during their life. PHWR fuel does not reach high burn-up, nor resides
in the reactor core for very long. A typical PHWR circuit and an Indian PHWR fuel assembly
are respectively presented in Figure 8 and Figure 9

Figure 8 Pressurized Heavy Water Reactor (http://www.world-nuclear.org/informationlibrary/nuclear-fuel-cycle/nuclear-power-reactors/nuclear-power-reactors.aspx) [9]

Figure 9 Indian PHWR fuel assembly [9]
12

__________________________________________________________________________________________

2.1.4 Advanced gas-cooled reactor (AGR)
Advanced gas-cooled reactors are a second generation of British cooled-gas reactors developed
from a Magnox type reactor. They use carbon dioxide (CO2) as primary coolant and graphite
as neutron moderator. The coolant reaches 650o C in the core to produce steam in the steam
generator tubes. The steam goes to drive the turbine to produce electricity in the generator. To
withstand the high temperature, the fuel rod is made of stainless steel cladding where uranium
oxide pellets are stacked. An AGR circuit and a fuel assembly are respectively presented in
Figure 10 and Figure 11

Figure 10 Advanced Gas-cooled Reactor (http://www.world-nuclear.org/informationlibrary/nuclear-fuel-cycle/nuclear-power-reactors/nuclear-power-reactors.aspx) [9]
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Figure 11 AGR fuel assembly [9]
2.1.5 High-power channel reactor (RBKM)
Light water graphite-moderated reactors (RBMK: Reaktor bolshoy moshchnosty kanalny) are
a soviet design developed from plutonium production reactors. They represent 3% of installed
world nuclear reactors.

3 RELEVANT STUDIES
As part of the Used Fuel Disposition Campaign (UFDC), P. McConnel et al. developed an
approach to obtain transportation loading data [10] that were thereafter used to determine the
effect of shock and vibration on fuel rods and assemblies [11]. Using the material properties of
different components of Pressurized Water Reactor (PWR) Westinghouse Electric 17x17 fuel
assembly provided in the Material Properties Handbook [12], a structural performance
evaluation of the PWR nuclear fuel assembly was performed for representative normal
conditions of rail transport involving a rail conveyance capable of meeting the Association of
American Railroads Standard S-2043 [13]. The fuel assembly was considered with a discharge
burnup range of 30-58 GWd (Gigawatt-days)/MTU (Metric tons of Uranium) (assembly
14
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average), loaded in a representative high-capacity (≥32 fuel rods) transportation package and
transported on a 3000 miles rail trip [6]. The spent nuclear fuel was modeled and simulated at
three levels: the cask level, the assembly level, and the fuel-rod level. Failure criteria and
methodology for assessing failure from the calculated fuel rod strain history was established,
and different sensitivity analyses were conducted to evaluate the impact of various material
properties, condition, and modeling uncertainties on the resulting strain and stress predictions
as well as failure prediction. The damage ratio for a 3000-mile trip was calculated based on
conservatively accounting for the vibration and shock loading derived from representative 10second cases [6] [14]. The cumulative fatigue damage fraction was projected to be 11% of the
critical value for the lateral vibration case and 7% for the lateral shock case. In the conservative
case of the concurrent occurrence of the high amplitude shock events and the continuous
vibration, the total projected damage of the fuel rods was estimated at 18%. For that
demonstration, the high burnup fuel in a GBC-32 (Generic Burnup Cask with a capacity of 32
fuel rods) did not fail by fatigue during normal conditions of transportation since the projected
damage fraction for this worse case was less than the set criteria of 100% [6]. For the sensitivity
studies, three levels of sensitivity were identified. Cladding elastic modulus, spacer grid
stiffness, spacer grid location and gaps between the assembly and cask were classified
parameters with high sensitivity; fuel assembly basket location, in-reactor fretting wear,
influence of control components, pellets-to-cladding bonding were classified parameters with
moderate sensitivity; and cladding yield stress, fuel rod location in assembly, temperature
distribution, fuel rod damping and pin pressure influence as parameter with of low or no
sensitivity [6]. Since it was acknowledged based on available data that the spring stiffness as
well as dimple stiffness of spacer grid vary considerably between different manufacturers,
Adkins et al. performed numerical modal analyses with 10 and 1/10 of the nominal spring and
dimple stiffness to evaluate the sensitivity of modal responses at the assembly level. They
15
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observed that reducing the nominal stiffness by 10 reduced the assembly frequencies by 5-14%
and the fuel rod flexural frequency by 15% compared to those obtained with the nominal
stiffness. Increasing the stiffness by 10 eliminated some of the assembly lower frequency
modes and increased the first fuel rod flexural frequency by 38%. In the present research, the
sensitivity of modal response was numerically evaluated in Abaqus by replacing the springs
and dimples with axial connectors. The dimples stiffness was kept at the nominal value while
the spring stiffness was changed up to 1/100 and 100 time the nominal value. The first, second
and third modal frequencies increased respectively by 1.34%, 2.08% and 0.75% when the
stiffness was increased by 100 but there frequencies didn’t change when the stiffness was
reduced. Unlike the changes observed by Adkins et al., this research show that the changes in
frequencies due to spring stiffness are negligible.
Zargar et al. studied the effect of boundary conditions and pellet-cladding interaction on the
natural frequencies of un-irradiated fuel-rods [15]. To quantify the effect of the geometry
configuration of the boundary conditions, a single span (1676 mm) copper rod without pellets
was used with a single clamp at the end supports in one case and double clamps in another case
to represent different degrees of rotational restraint provided by the spacer grids. When double
clamps were used, the frequency increases for the first, second and third modes were 50%, 25%
and 15%, respectively. In this paper, it was also demonstrated by experiments and numerical
simulations that the contribution of unbonded steel pellets to the bending stiffness of the fuel
rod was negligible.
Recently in 2017, Wang and Wang published a study on the mechanical fatigue of high-burnup
(>45 GWd/MTU)1 fuel for transportation applications [16]. The cyclic integrated-bending
fatigue tester (CIRFT) was used to impose pure bending loads on spent nuclear fuel test

1

Gigawatt-day per Metric ton of uranium
16

__________________________________________________________________________________________

specimens and measure the curvature of the fuel during bending. The total length of the
specimens was 6 inches and the effective length for pure bending response evaluation was 2
inches. High burnup (HBU) spent nuclear fuel rods with Zircaloy-4 cladding were studied
under static and dynamic (cyclic) bending. In the first phase, tests were performed on the
specimens in the as-irradiated state. For the second phase of tests, the specimens were treated
to reorient the hydrides in the cladding to be predominantly in the radial orientation. The
specimens survived static unidirectional bending to a maximum curvature of 2.2-2.5 m-1,
equivalent to a maximum moment of 85-87 N.m. During cyclic bending, the fatigue life of
HBU rods mainly depended on the level of loading. It was observed that in static testing the
maximum moment for the hydride reorientation treated (HRT) rods decreased in comparison
to that of the as-irradiated fuel rods at similar curvature levels. Both the HRT static and
dynamic flexural rigidity were less than that of the as-irradiated baseline data. The HRT rods
had slightly less fatigue life than the as-irradiated rods. The failure occurred primarily at the
pellet-pellet interface when the cladding failed by fatigue. However, it will be pertinent to
evaluate the effect of the length of the rod on its fatigue performance. The pellet stiffness
contribution to the overall rod stiffness is expected to decrease as the length of the rod
increases. Unlike for the test performed by Adkins et al.[6] cited above, the fuel rod failed by
fatigue in Wang and Wang’s study. Thus, the potential for fatigue failure is a critical issue that
should be further investigated when fuel assemblies are transported after extended storage.

4 DESIGN AND FABRICATION OF SINGLE CELL SPACER
As demonstrated by Zargar et al., the boundary conditions have an impact on the vibration
behavior of the fuel rod, especially its modal frequencies. To evaluate the effect of more
realistic boundary conditions, it was important in this research to design supports (spacer grids)
with a geometric configuration and pertinent physical properties consistent with those of actual
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spacer-grid configurations. A typical US PWR spacer grid consists of 17x17 cells holding rods
(Figure 5 ). Due to the difficulties in obtaining the design parameters for real spacer grids or
have an actual spacer grid fabricated by a fuel-assembly manufacturer, a generic single cell
spacer was designed and fabricated as part of this study. The final design configuration
consisted of a box of two lateral aluminum (Al 6060T5) channels (C20x20x3) and two
horizontal aluminum plates (Al 6060T5, 6 mm thick) enclosing two steel springs and four rigid
aluminum dimples, all assembled with screws. The box walls were designed with a relatively
large thickness to be able to isolate the effect of spring and dimples on the dynamic response
of the fuel rod. A spring was fabricated with the simplest shape possible (arch) and a stiffness
in the chosen range of 153N/mm [17] to 200N/mm [7]. These two values of the stiffness range
were verified experimentally. In the numerical simulations performed by Adkins et al [6], the
spring stiffness was numerically estimated at 49N/mm for the Zircaloy leaf spring at the middle
spacer grids and 121 N/mm for the Inconel leaf spring at the end spacer grids [6]. In the present
research, all the supports along the length of the rod are designed with the same properties. The
choice of the higher range of stiffness was dictated by the necessity to provide enough width
on the spring to facilitate the assembly of the rod in the single cell spacer box at the University
of New Hampshire. In the elastic range, the spring stiffness is directly proportional to the width.
The main challenge in the design was to ensure that the spring would remain elastic during the
assembly process and test in order to maintain an appropriate level of support to the rod.
Despite using a different material than the actual one for the spring, the real stiffness range was
targeted. The basic premise in this approach is that the modal response of the fuel rod does not
depend on the material of the spacer grid components but on the stiffness of the spacer grid
components (dimples and springs), and even more, on the constraints provided by the
geometric configuration of the spacer grid. The final shape adopted was a circular arch because
of it was simpler to fabricate and assemble without using a molding process that could
18
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potentially alter the material properties of the spring. The actual shape of a spring in a PWR
spacer grid is a reverse V as shown in Figure 16 A spring design that considered a reverse V
shape was evaluated. However, this design was eventually rejected in this study due to the
uncertainty associated with the material integrity at the tip of the V during fabrication and
assembly. Some of the numerical simulation results of this effort are presented in Table 14 and
Table 15 in the appendix. Some other shapes have been used in other studies. Two of these
shapes are shown in Figure 17 where the left shape was used by P. Bardet [18] and the left
shape by K.H. Yoon et al [17]. K.H. Yoon suggested an optimized shape for spacer grid spring
designed using a mathematical optimization process. According to his study, this shape would
increase the thermal margin (resistance to high burnup) as well as fretting wear resistance of
the spacer. The main criteria to achieve this performance was to obtain a stiffness in the range
100 to 150 N/mm. P. Bardet first used H.S. Kang et al. published stiffness of 153 N/mm [19]
as target in order to assess fluid-structure interactions in a fuel assembly. Due to the increase
of the diameter and reduced weight of the rod used, some modifications were used to keep a
correct contact force between rod and spring. To ensure that the spring would not deform
plastically during testing, Bardet designed a scaled spring with a stiffness of 4.2 N/mm
allowing a total displacement of 4.52 mm for the spring.
To design the spring, numerical simulations were developed with the software Abaqus in
combination with experimental testing. The final dimensions were reached based on
comparison between the values of stiffness obtained by numerical simulations and the values
of stiffness obtained by corresponding tests. The average ratio between the experimental
stiffness and the numerical stiffness was 2. This can be explained by the fact that the shape of
the spring in the numerical model was a perfect circular arch while the shape of the assembled
spring for test was a circular arch at the top with inflection points close to both ends due to the
attachment of the springs to the supporting aluminum channel. The parameters that were
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manipulated to vary the stiffness in this process are: span (L), thickness (t), width (w) and
height (h) (Figure 12 ). The final dimensions of the spring in millimeters are: L = 40, t = 0.3,
w = 6 and h = 5. The average stiffness obtained experimentally is 165 N/mm. Figure 13 shows
the test performed on a spring in a MTS machine using a steel wedge to load the spring. When
the rod pushes on the spring the contact area between rod and spring expands around the initial
point of contact on the spring. Since it was not possible to accurately simulate this load pattern
on the spring with the MTS machine, a line load applied via a steel wedge was imposed. To be
consistent with the testing conditions, a line load was also used in the numerical simulation. To
make sure that the load would be applied in the middle of the spring, a slot was carved in the
aluminum base plate to visually identify the axis of symmetry of the spring. Moreover, another
set of tests were carried out with a tape at the tip of the loading edge and a thin layer of glue in
the middle of the spring to reduce the sliding between the edge and the spring. But unlike in
the numerical simulations, the deformation of the spring was not symmetric. However, since
this asymmetry appears further beyond the linear range, the validity of the measured initial
stiffness is not affected.

Figure 12 Spring parameters
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Figure 13 Test on spring loaded with a steel wedge in MTS machine
The Force-Displacement graphs of the results of the final spring configuration are presented in
Figure 14 and Figure 15 . On average, the spring remained in the elastic domain to a
displacement of 0.25 mm. The designed single cell spacer is presented beside the actual
Westinghouse spacer grid on Figure 16 An inside view of the single spacer where the bottom
spring and two side dimples is shown in Figure 19
Force vs Displacement_L40-Test 1

Force vs Displacement_L40-Test 1 (Linear)
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Figure 14 Results of test 1 on spring
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Force vs Displacement_L40-Test 2

Force vs Displacement_L40-Test 2 (Linear)
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Figure 15 Results of test 2 on spring

Figure 16 Designed Single Cell Spacer (left) and actual Spacer Grid from a typical
Westinghouse Electric fuel assembly (right)
The single cell spacer presented in Figure 16 (left) is a simplified reproduction of a unit cell of
the actual spacer grid (right). As specified earlier, to provide enough rigidity to the designed
single cell spacer, the walls were made thicker than in the real spacer grid. The top face of the
dimple was designed with a circular arch shape in order to prevent the rod from sliding in the
transversal axis of the dimple during assembly. Also, this shape made it easier to assure that
the rod was centered in the cell. The assembly process was the following: the bottom spring
plate came first, the side spring channel came second, the rod was then placed on the bottom
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spring, and the side dimples channel was placed pushing the rod against the side spring within
the spring elastic displacement limit. Finally, the top plate with dimples was placed pushing
the rod against the bottom spring within the spring elastic displacement limit.

Figure 17 Spring configurations used in other studies [Left (P. Bardet) [18], Right (K.H.
Yoon) [17]]

5 NUMERICAL AND EXPERIMENTAL ANALYSES
5.1

Test configurations and material properties

The configurations of the surrogate fuel assembly used herein were based on a PWR
Westinghouse 17x17 grid fuel assembly which is characterized by the following spans in
millimeters: 632, 522, 522, 522,522,522 and 511 (SMiRT-23, 2015). The length of the
surrogate copper fuel rod used in the numerical model as well as in the experiment was
approximately half the length of the PWR Westinghouse fuel rod, with center-to-center spans
between supports of: 632, 522, and 522 mm. For both cases 1 (without pellets) and 2 (with
pellets), four configurations of supports were considered: (a) four supports, (b) supports ABD,
(c) supports ACD, and (d) only end supports AD. These configuration-cases are summarized
in Table 1 and the nomenclature illustrated in Figure 18 .
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Table 1. Configurations cases

Case
1
a
b
c
d

Case
2
a
b
c
d

Span
522-522-632
522-1154
1044-632
1676

Configuration-case (a) represents intact spacer grids. Configuration-cases (b) and (c) represent
situations in which one of the interior spacer grid is entirely damaged. Configuration-case (d)
considers that two interior spacer grids are entirely damaged. For the experiment, one interior
spacer grid is removed from the rod for cases (b) and (c), two are removed for case (d), these
situations assume a large gap between cladding and spacer grid components in such a way that
the spacer grid(s) cannot provide adequate support anymore. Configuration-case (a) is
presented in Figure 18

Figure 18 Schematic of configuration case (a)
To assess separately the effects of dimples and springs on the fuel rod modal behavior,
additional cases were tested. These cases are presented in Table 2where the roman number “I”
represents the case without pellets and “II” the case with unbonded steel pellets (in contact)
inside the cladding. The letter “A” represents the configuration where the intermediate supports
consist of dimples in the direction of vibration and a spring at the bottom as shown in Figure
19 The letter “B” represents the configuration where the intermediate supports consist of
springs only (one in the direction of vibration and one at the bottom) as shown in Figure 20
The goal of configuration A was to investigate the effect of the dimples alone. The spring was
kept at the bottom instead of other dimples in order to avoid any obstruction on the horizontal
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vibration of the rod due to the shape of the dimple. For configuration B, the goal was to
investigate the effect of the spring alone. The vibration was induced horizontally with both the
shake table and an impact hammer for both configurations.

Figure 19 Configuration A

Figure 20 Configuration B

Table 2. Configurations Cases Dimples/or Springs
Case I (A/B)
1
2
3

Case II (A/B)
1
2
3

Span
522-522-632
522-1154
1044-632

During the tests with open single cell spacer (Figure 19 and Figure 20 ), there was a risk of rod
falling off the bottom spring due to vibration. The width of the spring helped reduce this risk.
This width was also subject to the constraint of the geometric symmetry for the closed single
cell spacer box (Figure 16 ). Thus, it was important to find a compromise between the stability
of the rod in the opened single cell spacer box (Figure 19 and Figure 20 ) during modal tests
and the symmetry of the rod in the closed single cell spacer box (Figure 16 ).
The geometric and material characteristics of the specimen are presented in Table 3. The
material properties of the single cell spacer components are presented in Table 4.
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Table 3. Geometric and material characteristics of the surrogate fuel rod
Characteristics
Outer Diameter (mm)
Inner Diameter (mm)
Length
Yield Strength (MPa)
Poisson
Modulus of elasticity (MPa)
Nominal Density (ton/mm3)

Copper Cladding
12.7
10.96
1760
207
0.355
117,211
8.94 E-9

Steel pellets
10.72
12.88
640
0.3
210,000
7.83 E-9

Table 4. Material properties of the single cell spacer grid components
Characteristics
Material
Yield Strength (MPa)
Poisson
Modulus of elasticity
(MPa)
Nominal
Density
3
(ton/mm
)
Stiffness (N/mm)

Spring
A1095 Steel
525
0.3
205,000
7.83 E-9
165

Dimples
Aluminum 6060T5
160
0.33
69,000
2.7 E-9
1.6 E+6

Cell box
Aluminum 6060T5
160
0.33
69,000
2.7 E-9
1.6 E+6

Unlike the spring stiffness, the dimple stiffness was not measured experimentally but estimated
using the analytical formula k = AE/t, where A is the average cross-sectional area of the dimple,
E the modulus of elasticity and t the average thickness of the dimple. The ratio of dimple-tospring stiffness of the single cell spacer designed in this study is approximately 9,700. This
ratio was 57 for the stiffness measured by Kang et al.[19]. In Adkins et al. numerical
simulations, this ratio was 8.4 for Inconel and Zircaloy leaf spring and dimple. Since it was
verified numerically in this study that this relative ratio has a negligible influence on the modal
frequencies of the rod, the inconsistency of the ratios of dimple-stiffness between these
different studies do not change the general conclusions drawn from this study. In all studies,
for practical purposes, the dimples are rigid when compared to the springs.
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5.2

Numerical Model

The fuel rod was modelled in three dimensions with Abaqus [20]. For all the components, the
mesh was generated using hexahedral elements C3D8R (solid reduced integration linear brick
elements), which provide an adequate solution at a reasonable time cost. In the numerical
models, the spring shape was kept as a circular arch even though the actual spring had a point
of inflection close to each end as it can be seen in Figure 13 The meshing of the spring is
illustrated in Figure 21 The dimple geometry was consistent with the one in the specimen. The
plates and channels making the box were replaced by rigid boundary conditions imposed on
the end faces of the springs and the outer faces of the dimples (Figure 21 ). Spring-cladding
and dimple-cladding interactions were modeled using General Contact (for frictionless
tangential behavior) and “Hard Contact” (for normal behavior). In Abaqus, General Contact
can be defined between all or multiple areas of a model by specifying only one interaction
assuming that any surface can become in contact with any other surface. Without General
Contact, it would be necessary to define multiple contact pairs and identify which surface
would hit which one. This latter process is complex and could generate significant errors in the
numerical simulation. Frictionless contact, the default tangential behavior, was used since the
rod was not expected to move parallel to the length of the spring or dimple. All boundary
conditions were imposed through reference points coupled to the faces of the sections
constrained by these boundary conditions. Translation (U) and rotation (UR) were restricted in
all the three axes on the outer face of the dimple and only rotation (UR3) in the axis parallel to
the transversal axis of the spring was allowed on the side faces of the spring. For the cladding,
a reference point at the centroid of the cross-sectional area at each end was restrained against
displacement (U1) in the longitudinal axis and rotation (UR1) about the longitudinal axis. To
obtain the natural frequencies of the model, a linear perturbation analysis was run in Abaqus
with “Frequency” as procedure type, where ten eigenvalues were calculated and reported. It
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appeared that for cases 1 (cladding without pellets with closed single cell spacers) and cases 2
(cladding enclosing unbonded pellets with closed single cell spacers), each mode in a given
direction was represented by a pair of successive frequencies close to one another(i.e. 146.1
Hz and 150.0 Hz for the first mode of case 1a, and 78.7 Hz and 80.8 Hz for the first mode of
case 2a). This behavior is most likely due to the asymmetry of the boundary conditions and the
difference of stiffness between dimples and springs in the direction of the vibration. Therefore,
each natural frequency from the numerical model presented in this document is the average of
the values of the pair corresponding to the mode under consideration.
For configurations A and B with open cell spacers (Figure 19 and Figure 20 ), the dimples and
springs were substituted in the numerical model in Abaqus with unidirectional (compression
only) connectors with their appropriate stiffness.
Cases with unbonded steel pellets enclosed by the cladding were modeled without pellets by
attributing to the cladding the total mass density of cladding mCl and pellets mP, and an
equivalent flexural rigidity (EI)eq obtained by adding to the flexural rigidity of the cladding
(EI)Cl the flexural rigidity of the pellets (EI)P multiplied by a contribution factor α. The two
equations used for this method are presented below:
𝑚𝑡𝑜𝑡 = 𝑚𝐶𝑙 + 𝑚𝑃 (1)

(𝐸𝐼)𝑒𝑞 = (𝐸𝐼)𝐶𝑙 + 𝛼(𝐸𝐼)𝑃 (2)

To determine the contribution factor 𝛼, tests were run on a single span corresponding to cases
1d and 2d. A static load was applied at the mid span of the rod and the deflection was measured
with a digital caliper in a set up where the digital caliper was connected vertically in tension to
the middle of the rod by an aluminum bar (Figure 22 ).

28

__________________________________________________________________________________________

Figure 21 Fuel-rod numerical model and boundary conditions
Knowing that the flexural rigidity is inversely proportional to the transverse deflection of the
beam, the contribution of the pellets to the overall rod flexural rigidity (EI) was estimated from
the deflections δ measured (EI ~ 1/ δ). The contribution factor was estimated at 𝛼 = 16%,
which was used in Abaqus to modify only the modulus of elasticity E. The frequencies obtained
by numerical simulations using 𝛼 = 16% were significantly greater than those obtained
experimentally (91.8 Hz instead of 73.3 Hz, 136.3 Hz instead of 104.6 Hz and 140.0 Hz instead
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of 114.1 Hz, respectively for the first three modes of case 2a). Hence, an iterative approach
was used to estimate the value of 𝛼. The contribution factor that provided the numerical results
that were the closest to the experimental ones was 𝛼 = 0% for all the cases. Therefore, the
effect of the pellets on the flexural rigidity of the cladding is negligible regarding their modal
behavior. This discrepancy between the experimental flexural contribution factor of 16% and
the numerical value of 0% is likely due to the fact the 0% value was estimated using a dynamic
test in which the pellets are vibrating inside of the cladding and their individual vibrations may
not be in phase.

Figure 22 Experimental setup to estimate static deflection
5.3

Modal Testing

The modal tests were performed in the Structural Engineering Laboratory of the University of
New Hampshire on a shake table as well as with an impact hammer. For the shake table, a 1second square pulse with a displacement amplitude of 0.3 inch was applied at the base of the
table. For the hammer, the impact was applied orthogonally to the longitudinal axis of the rod
at different locations of the rod in the opposite side of the accelerometers with a small
eccentricity from the accelerometers. The details including impact locations are shown in
Figure 18 To record the acceleration of the fuel rod, three accelerometers with an acceleration
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range of ± 500 g and a weight of 1.7 grams each were attached horizontally at the mid-spans
of the rod corresponding to configuration (a) (Figure 18 ). The accelerations were measured
every 0.000605 s (1653 samples per second). Fast Fourier Transform (FFT) was used in Matlab
to evaluate the responses in the frequency domain.
5.4

Results and Analysis

5.4.1 Natural Frequencies
The summary of the results for cases 1 and 2 is presented in Table 5 for the three first vibration
modes. The values in the column “Shake table” represent the mean values of the modal
frequencies estimated using the three accelerometers attached to the rod exposed to the shake
table square pulse. The values in the column “Hammer” are the mean values of the modal
frequencies identified using the three accelerometers at different rod locations when exposed
to impacts. The values in the column “Experimental Mean” are the averages of the values from
columns “Shake Table” and “Hammer”.
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Table 5. Modal frequencies for cases 1 and 2
Case
1a

1b

1c

1d

2a

2b

2c

2d

Mode
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Shake Table
144.6
208.3
222.4
19.9
55.2
106.0
72.9
105.3
115.3
21.3
64.1
126.8
26.3
76.0
78.8
11.0
-

Hammer
147.4
208.8
42.1
116.2
205.2
45.7
105.4
139.2
20.3
55.1
105.8
73.7
103.8
112.8
21.9
63.1
123.5
27.5
74.7
82.3
11.2
27.3
55.3

Frequency (Hz)
Experimental
Mean
146.0
208.6
222.4
42.1
116.2
205.2
45.7
105.4
139.2
20.1
55.1
105.9
73.3
104.6
114.1
21.6
63.6
125.1
26.9
75.3
80.6
11.1
27.5
55.3

Numerical
148.1
219.9
226.2
41.9
115.5
221.7
51.6
142.1
148.1
19.5
53.6
105.1
79.8
118.4
121.8
22.6
62.2
119.4
27.8
76.5
79.8
10.5
28.9
56.6

Error2 (%)
1.4
5.4
1.7
-0.47
-0.60
8.0
12.9
34.8
6.4
-3.0
-2.7
-0.8
8.9
13.2
6.7
4.6
-2.2
-4.6
3.3
1.6
-1.0
-5.2
5.1
2.4

The tests and numerical simulations run by Adkins et al. [6] on a surrogate full PWR
Westinghouse 17x17 un-irradiated fuel assembly provided as result that the dominant response
range is roughly up to 150 Hz [6]. For these tests, a real un-irradiated fuel assembly was used
but the pellets were replaced by copper tubes with lead wire inside. Despite the fact that in the
present study, tests and numerical simulations were run only on a single rod with a total length
equivalent to half the length of a full PWR Westinghouse fuel rod, the three first modes for
case 2a, which is equivalent to the case studied by Adkins et al. [6], approach the predicted
upper limit of 150 Hz specified in this latter study. This confirms the theoretical result that

2

(Numerical-Experiment) *100/Experiment
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some of the full assembly vibration behavior can be studied using a half-length of a fuel rod.
Since the vibration behavior is deeply influenced by the boundary conditions, it can also be
affirmed that the geometric and material properties of the single cell spacer components
designed herein are representative enough of the boundary conditions of the actual PWR
Westinghouse 17x17 fuel assembly.
The graph of the acceleration time history measured by the three accelerometers as response to
the shake table pulse and the corresponding Fourier spectrum obtained by Fast Fourier
Transform are illustrated in Figure 23 for case 1d. Figure 24 shows the corresponding results
as response to the hammer impact applied close to accelerometer A. In Figure 23 and Figure
24 , it can be noticed that there is consistency between the values measured by the three
accelerometers for both shake-table and hammer tests. The results obtained with the shake table
and the hammer are in a good agreement. Except for the second mode frequency of case 1c,
which has a high relative error of 35%, the relative errors of the numerical values and
experimental values were less than 13%. The reasonable agreement between the experimental
mean values and the numerical values is interpreted herein as reliable validation of the
numerical model.
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Figure 23 Shake table results for case 1d

Figure 24 Impact hammer results for case 1d (Impact near accelerometer A)
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Unlike the case without pellets, the results of the case with pellets were challenging to interpret.
This is due to the vibration of the unbonded pellets inside the rod generating impact between
pellets and between pellets and cladding. The first three peaks of the Fourier spectrum were
not necessarily the first three modal frequencies of interest. The numerical model was used as
reference to estimate the expected values of these frequencies. Also, an analytical approach
was carried out to help identify the modal frequencies in the Fourier spectrum. Given the
geometrical configuration of the single-cell spacers, the analytical method assumed fully fixed
support conditions. For each mode in each case, a frequency was calculated for each isolated
span using equation (3).
𝐾

𝐸𝐼

𝑓 = 2𝜋𝐿2 √ 𝑚 (3);
where f is the frequency in Hz; k=22.4; 61.7; 121.0 respectively for modes 1, 2 and 3; L the
span length; E the Young modulus; I the area moment of inertia and m the mass density (i.e.,
mass per unit length).
The frequencies calculated were included in intermediate “matrices” named “Mode 1”, “Mode
2” and “Mode 3” in Figure 25 where the first, second, third and fourth row correspond to cases
2a, 2b, 2c and 2d respectively. A final “frequency matrix” (Figure 25 , bottom right) was
assembled by selecting frequencies from intermediate “matrices” where it is considered that in
each configuration the dominant mode shape is associated with the response of the longest
span. Whenever this criterion provided an inconsistent value (modes 2 and 3 of case 2a, and
mode 3 of case 3c), the numerical mode shapes (i.e., Figure 26 ) were used to guide the selection
of the frequency from the intermediate matrices. In fact, to identify the peaks in the Fourier
spectrum, the ratios of the second and third analytical modes to the first analytical mode were
used as reference instead of the values of the frequencies. This approach was taken based on
the assumption that even if frequency values provided by the analytical method were not
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accurate representations of results for the physical specimens, the analytical method should
still provide modal frequencies ratios consistent with those obtained experimentally and
numerically. The analytical method is presented in Figure 25 Error! Reference source not
found.In this figure, the values in red are those in which assuming that the longest span
dominated the first-mode response did not provide reasonable results. The mode shapes for
case 2a is presented in Figure 26 These mode shapes show that the spans move independently
from each other, meaning that the supports behave as fixed supports, which is consistent with
the assumptions made as part of this study.

Mode 1

Mode 2

Case
a
b
c
d

L'1 (m)
0.522
0.522
1.044
1.676

L'2 (m)
0.522
1.154
0.632

1
193.5
193.5
38.2
13.6

2
193.5
30.6
121.1

3
121.1

1
533.0
533.0
105.1
37.5

2
533.0
84.2
333.7

3
333.7

L'2 (m)
0.632

L1(m)
0.417
0.417
0.939
1.571

Mode 3

Case 2a
Case 2b
Case 2c
Case 2d

L2(m)
0.417
1.049
0.527

L3(m)
0.527

1
1045.2
1045.2
206.1
73.6

2
1045.2
165.2
654.4

3
654.4

Mode1
121.1
30.6
38.2
13.6

Mode2
193.5
84.2
105.1
37.5

Mode3
193.5
165.2
121.1
73.6

Figure 25 Modal frequencies (in Hz) calculated analytically for case 2
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Mode 1

Mode 2

Mode 3

Figure 26 First three mode shapes for case 1a and 2a
The validation of the experimental values for the case with pellets by the analytical method and
numerical simulation is illustrated in Table 6 where it can be noticed the good agreement
between corresponding ratios for each method and each case.
Table 6. Modal frequency ratios first-to-second and first-to-third
Ratios
Case 2a
Case 2b
Case 2c
Case 2d

Analytical
1/2
1/3
0.63
0.63
0.36
0.19
0.36
0.31
0.36
0.19

Numerical
1/2
1/3
0.67
0.66
0.36
0.19
0.36
0.35
0.36
0.19

Experimental
1/2
1/3
0.70
0.64
0.34
0.17
0.36
0.33
0.40
0.20

Acceleration time histories recorded by the three accelerometers in response to the shake table
pulse and their Fourier spectrum are illustrated in Figure 27 The largest relative errors3 of the
numerical values with respect to the experimental values is 10% (Ratio 1 st/2nd for case 2d).
Therefore, a reasonable agreement exists between the numerical results and the experimental
results for cases 2 (cladding with pellets).

3

(Numerical-Experimental) *100/Experimental
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Figure 27 Shake table results for case 2b
The effect of the unbonded steel pellets on the modal frequencies of the copper fuel rod was
evaluated using the results for the various configurations of cases 1 and 2. The ratios of the
modal frequency of case 2 to the corresponding modal frequency of case 1, given the same
configuration, are presented in Table 7. The mean of all ratios and their standard deviation are
0.55 and 0.06, respectively. Only the mean of the ratio for the second mode of configuration c
(i.e., 2c/1c) deviates significantly with respect to the mean value. Therefore, it can be
concluded that, for any of the three first vibration modes, the unbonded steel pellets lower the
natural frequency of the cladding by a factor of 55%. Thus, since the natural frequency of a
structure is proportional to the stiffness and inversely proportional to the mass of the structure,
it appears that the effect of the mass is predominant compared to the effect of the stiffness.
This latter observation corroborates the notion that the contribution of the pellets to the overall
stiffness of the fuel rod is negligible.
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Table 7. Ratios case 2/case 1
Cases Ratios
2a/1a
2b/1b
2c/1c
2d/1d

Mode 1
0.50
0.51
0.59
0.55

Mode 2
0.50
0.55
0.71
0.50

Mode 3
0.51
0.61
0.58
0.52

5.4.2 Evaluation of the use of dual clamps as simplified supports
Another goal of this study was to evaluate the results from Zargar et al. [15] in which a
simplified spacer grid configuration using with dual clamps (Figure 28 ) at end supports was
used to represent fuel-rod boundary conditions. The cases studied by Zargar et al. correspond
to cases 1d and 2d of the present study. An evaluation of the results from the present study and
the results from Zargar et al. is presented in Table 8. On average, the modal frequencies
obtained with the generic single cell spacer are 19% higher than those with dual clamps for the
case without pellets (case 1d) and 23% higher for the case with pellets (case 2d). This difference
is likely due to a decrease in the effective length of a single span when the generic single cell
spacer is used. The generic single cell spacer induces inflection points (nodes) of the rod during
vibration farther away from the supports when compared with the location of the point of
inflections when the dual clamps were used. With a good calibration of the distance between
the clamps, the relative difference between the abovementioned results would be reduced. The
modal frequencies obtained with the generic single cell spacer used in this study are within
23% relative error compared to the numerical results developed by Zargar et al. For case 1d,
the first three modal frequencies of the numerical model in Zargar et al. study were 19.4, 53.3
and 104.4 Hz, respectively for fixed-end supports against 20.1, 55.1 and 105.9 Hz in this study.
For case 2d, the first three modal frequencies of the numerical model in Zargar et al. study were
10.3, 28.4 and 55.5 Hz, respectively for fixed-end supports against 11.1, 27.5 and 55.3 Hz in
this study. These results imply that the single-cell spacer behaves as fixed support. This
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observation was also corroborated by an analytical verification in this study by using equation
(3) for case 1d. The analytical value of the first modal frequency was 20.5 Hz, which is close
to the numerical value 19.4 Hz from Zargar et al. and the experimental value 20.1 Hz from this
study.
Thus, in order to study the vibration response of undegraded/un-irradiated fuel rods
experimentally, the results in this section suggest that the use of a single-cell spacer with the
complexity of its fabrication might not be warranted. Dual clamps provide satisfactory results.
With dual clamps, the effect of loss of support stiffness can be evaluated by using softer rubber
between clamps and cladding. However, when it comes to evaluating the pinching effect or
the fretting wear damage to the fuel rod, the physical simplification of boundary conditions is
not reasonable. In this latter case, spacer grids with dimples and springs will be necessary.
During reactor operations, the grid springs and dimples exposed to an intensive irradiation
might experience stiffness degradation on the order of 90% to 100% for a Zircaloy spacer grid
[8] [21]. This loss would cause the frequency of the fuel rods to lengthen, and depending on
the vibration input, to vibrate excessively and to chatter against the springs and dimples,
leading to fretting wear damage of the fuel rods [8].

Figure 28 Dual clamps used as end support by Zargar et al. [15]
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Case 1d

Mode
SMiRT-23
Ratio mode i/mode 1
Present
Ratio mode i/mode 1
(SMiRT 23- Present)/Present

1
16.2
20.1
-0.19

2
46.8
2.89
55.1
2.74
-0.15

3
92.7
5.72
105.9
5.27
-0.12

Case 2d

Table 8. Evaluation of modal frequencies (in Hz) with respect of the results from Zargar
et al. study [15]

SMiRT-23
Ratio mode i/mode 1
Present
Ratio mode i/mode 1
(SMiRT 23- Present)/Present

8.59
11.1
-0.23

22.3
2.60
27.5
2.48
-0.19

46.8
5.45
55.3
4.98
-0.15
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Table 9. Modal frequencies for cases I (A/B) and II (A/B)

Case
IA1

IA2

IA3

IB1

IB2

IB3

IIA1

IIA2

IIA3

IIB1

IIB2

IIB3

Mode
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

Shake Table
103.1
140.9
182.1
36.5
98.2
179.2
45.0
106.1
139.8
99.2
131.8
168.5
25.0
91.3
140.1
48.4
104.6
131.8
51.0
64.5
85.1
21.7
55.9
75.9
21.3
49.4
69.4
-

Frequency (Hz)
Hammer
Experiment Mean
107.6
105.4
144.3
142.6
176.5
179.3
37.2
36.8
100.3
99.3
176.8
178.0
46.2
45.6
105.4
105.7
133.2
136.5
106.5
102.8
126.8
129.3
173.5
171.0
26.4
25.7
89.8
90.5
150.4
145.2
36.2
42.3
105.7
105.2
128.3
130.1
53.0
52.0
62.0
63.3
79.9
82.5
22.4
22.0
61.1
58.5
86.3
81.1
18.9
20.1
46.9
48.2
71.2
70.3
50.6
50.6
68.0
68.0
86.2
86.2
21.9
21.9
52.3
52.3
80.2
80.2
19.2
19.2
50.9
50.9
68.8
68.8

Numerical
107.5
147.3
204.9
37.7
104.3
169.4
45.4
112.7
139.7
95.8
119.3
153.1
34.5
95.8
151.8
41.0
103.0
122.6
51.6
64.2
79.3
20.3
56.2
81.7
22.0
55.4
74.1
51.6
64.3
82.5
18.6
51.6
81.7
22.1
55.5
66.0

Error (%)
2.0
3.3
14.3
2.4
5.0
-4.8
0.4
6.6
2.3
-6.8
-7.7
-10.5
34.2
5.9
4.5
-3.1
-2.1
-5.8
-0.8
1.4
-3.9
-7.7
-3.9
0.7
9.5
14.9
5.4
2.0
-5.4
-4.3
-17.7
-1.3
1.9
15.1
9.0
-4.1
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Table 10. Modal frequency ratios for
configuration A (Loss of spring)
Cases Ratios
IA1/1a
IA2/1b
IA3/1c

Mode 1
0.72
0.87
1.00

Mode 2
0.68
0.85
1.00

Mode 3
0.81
0.87
0.98

IIA1/2a
IIA2/2b
IIA3/2c

0.71
1.02
0.75

0.60*
0.92
0.64

0.72*
0.65
0.87

Table 11. Modal frequency ratios for
configuration B (Loss of Dimple)
Cases Ratios Mode 1
IB1/1a
0.70
IB2/1b
0.61
IB3/1c
0.93
IIB1/2a
IIB2/2b
IIB3/2c

0.69
1.01
0.71

Mode 2
0.62
0.78
0.99

Mode 3
0.77
0.71
0.93

0.65*
0.82
0.67*

0.76*
0.64
0.85

The values in Table 10 and Table 11 tend to be smaller than or equal to unity because the fuel
rods become more flexible when some of the spacer grid components lose the ability to support
them. Except for the values with (*), the ratios in Table 11 are smaller than those in Table 10
for the corresponding cells. Therefore, the loss of dimples (configuration B) in the spacer grid
affects the modal behavior of the fuel rod slightly more than the loss of springs (configuration
A).
5.4.3 Damping ratios
The first-mode damping ratios for case 1 and the first two modal damping ratios for case 2
were determined using recorded experimental data following two different methods. The first
method is the logarithmic decrement approach given by equation (4), which was used to
determine the first-mode damping ratio, and the second approach, the half-power bandwidth
approach, which was used to determine the first two modal damping ratios. In equation (4), the
parameter n is the number of cycles apart, 𝑦𝑚 and 𝑦𝑚+𝑛 are respectively the initial peak and
the peak at the nth cycle from the free vibration response of the system. These parameters are
illustrated in Figure 29 In equation (5) 𝑓𝑛 is the modal frequency of mode I and, 𝑓1 and 𝑓2
respectively the frequencies corresponding to an amplitude of 0.707*𝑌𝑛 , 𝑌𝑛 being the amplitude
of the peak at mode j in the frequency domain. The half power bandwidth method is illustrated
in the Figure 30
43

__________________________________________________________________________________________

ζ=

𝑦
ln(𝑦 𝑚 )
𝑚+𝑛

2𝜋𝑛

ζ=

(4)

𝑓𝑛
(5)
𝑓2 − 𝑓1

Damping ratios were evaluated for signals recorded by the three accelerometers (A, B and C)
for the shake table pulse as well as for the impact hammer at different locations of the rod.
Since for each case and each method different time history windows were used to evaluate
modal damping ratios, maximum and minimum values are reported in Table 12 and Table 13.
Table 12. First-mode damping ratios based on the logarithmic decrement approach
Case 1a
2.1
𝜁𝑀𝑖𝑛 (%)
(%)
3.7
𝜁𝑀𝑎𝑥
(%)

Case 1b Case 1c Case 1d Case 2a Case 2b Case 2c Case 2d
1.4
1.3
3.6
6.0
2.5
2.5
2.1
3.6
6.4
6.8

Table 13. First and second-mode damping ratios based on the half power method
Mode
1
2

Case
1a
0.9
𝜁𝑀𝑖𝑛 (%)
2.8
𝜁𝑀𝑎𝑥 (%)
0.8
𝜁𝑀𝑖𝑛 (%)
1.9
𝜁𝑀𝑎𝑥 (%)

Damping

Case
1b
1.2
2.9
1.5
2.6

Case
1c
2.8
4.8
2.3
2.4

Case
1d
3.2
4.6
1.3
1.6

Case
2a
-

Case
2b
3.3
4.7
-

Case
2c
-

Case
2d
6.4
7.4
-

Modal damping ratios are not reported for some of the cases summarized in Table 12 and Table
13 due to noisy acceleration response histories that translated into Fourier spectra in which
peaks could not be readily identified. For the half-power method, the cases with pellets were
the only ones without readily identifiable peaks. It can be observed that the damping ratios are
greater for cases in which the unbonded pellets are enclosed in the cladding. Therefore, the
interaction (impact and friction) between pellets and between pellets and cladding make the
oscillation decay faster than in case in which only the cladding vibrates.
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In most the cases, the second-mode damping ratio obtained from the half-power bandwidth
method is smaller than the first-mode damping ratio (see Table 13). If frequency-dependent
damping is assumed, this behavior is consistent with modal damping proportional to mass.

Figure 29 Estimation of first-mode damping ratio for case 1a based on the logarithmic
decrement method; impact applied near the location of Accelerometer B; time history
from Accelerometer B

Figure 30 First-mode damping ratio for case 1a based on the half power method; impact
applied near location of accelerometer B; time history from Accelerometer C
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6 CONCLUSIONS
Modal testing using a unidirectional shake table and an impact hammer was performed in
combination with numerical simulations to evaluate the effect of boundary conditions on the
modal frequencies of a surrogate copper fuel rod with and without unbonded surrogate steel
pellets. The effects of pellets in contact with one another and in contact with the cladding on
the modal frequencies and modal damping ratios of the fuel rod were also evaluated. Modal
frequencies and modal damping ratios were the focus of this research since they are useful to
assess the performance and structural integrity of rods that form part of a fuel assembly exposed
to vibration during handling and transportation. Different support configurations and the effects
of damaged spacer grids on the modal frequencies of the fuel rod were assessed. Tests with
partial intermediate single cell spacers were performed to evaluate the individual effect of
springs and the dimples on the modal frequencies of the fuel rod. These tests are relevant given
that spacer grid components in actual fuel assemblies have the potential to get degrade and get
damaged due to irradiation and/or temperature effects. Finally, first- and second-mode damping
ratios were estimated for the copper rod configurations with and without pellets. Despite the
variability of spring and dimple stiffness between manufacturers, the results of this research
remain valid since it was shown that the changes in modal frequencies due to changes in spring
and dimple stiffness values are rather negligible. When the spring stiffness increases by a factor
100, the first, second and third modal frequencies increased just by 1.34%, 2.08% and 0.75%,
respectively. The frequencies didn’t change when the stiffness was decreased.
For the first modes of vibration in the same transverse direction of a rod, the average ratio of
the modal frequencies for the case with unbonded steel pellets to the corresponding modal
frequencies for the case without pellets was 0.55 with a standard deviation of 0.06. The
presence of the pellets contributed primarily to an increase in the mass density, and hence, a
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decrease in the frequency of the surrogate copper rod. In addition, an evaluation of numerical
and experimental results demonstrated that the contribution of the pellets to the flexural rigidity
of the fuel rod was negligible.
It was also observed that when at least one spacer grid is damaged (e.g., a spring softens), the
modal frequencies of the fuel rod change significantly, up to a factor of 29% for the first modal
frequency, 61% for the second modal frequency and 71% for the third modal frequency in case
of one damaged intermediate spacer grid for cladding with unbonded pellets. For the case of
damage to two intermediate spacer grids, these factors change to 15%, 26% and 48%
respectively for the first three modal frequencies. Based on the expected loading on a nuclear
fuel assembly railcar [11], shock spectra have a rich frequency content in the 2-50 Hz range
with peaks at 12 Hz (axial), 20 Hz (horizontal) and 2 Hz (vertical). The vibration spectra have
most of their frequency content in the 2-60 Hz range with peaks at 2 Hz (axial), 50 Hz
(horizontal) and 2 Hz (vertical). For the case of one damaged intermediate single cell spacer,
only the first modal frequency (21.6 Hz or 26.9 Hz, depending on the location of the
intermediate spacer) falls into the overall range of 2-60 Hz. When two damaged intermediate
single cell spacers are present, the first three modal frequencies (11.1 Hz, 27.5 Hz and 55.3 Hz)
fall into the most critical frequency range. This situation shows that the loss of intermediate
supports has the potential to expose the fuel rod to a risk of failure by resonance, as the number
of cycles at higher levels of stress increase.
A comparison of the results of the present study to a former study performed by Zargar et al.
(2015) using dual clamps as end supports instead of single cell spacers with dimples and springs
revealed that, in terms of modal analysis with intact support conditions, dual clamps give
satisfactory results. Results using dual clamps can become even more accurate with careful
calibration of the space between the clamps. However, when it comes to studying the pinching
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effect of the supports on the fuel rod, fretting or spring degradation, the use of single-cell
spacers with dimples and springs is necessary. Also, the comparison of the results of the present
study to those from numerical simulations in Zargar et al. (2015) study using fixed-end supports
showed that the spacer grid behaves, for practical purposes, as fixed supports. This behavior of
the spacer grid was also numerically verified in the present study.
An evaluation of the vibration response of the fuel rod with partial intermediate single-cell
spacer showed that the dimples have a greater effect than springs on the value of the modal
frequencies of the fuel rod. This is mainly due to the geometric configuration of the single cell
spacer rather than the stiffness of these components since it was verified numerically that the
effect of the change of stiffness of these components on the modal frequencies was negligible.
Regarding the modal damping ratios, it was observed that the pellets increase the modal
damping ratios of the rods by an amount equivalent to approximately 2% of critical for the first
two modes. In addition, the second-mode damping ratios obtained from the half-power
bandwidth method was smaller than the first-mode damping ratio (Table 13), which is a
behavior consistent with mass-proportional damping when frequency-dependent damping is
assumed.
The results provided in the present research on the modal response of un-irradiated single fuel
rods can be used as a benchmark for further studies. The simplification used to simulate
numerically the contribution of pellets in the modal response of a fuel rod by only adding the
mass density of pellets to the mass density of cladding and ignoring the contribution of pellets
to the flexural rigidity of cladding will reduce the complexity of numerical models of complete
transportation casks for the cases where the cladding-pellet or pellet-pellet interaction are not
necessary. Moreover, the investigation conducted by Wang and Wang in 2016 on irradiated
fuel specimens provided a baseline for the fatigue failure of a single irradiated fuel rod
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considering hydride embrittlement that includes radial hydrides (due to hydride reorientation)
in the cladding. It would be relevant to verify the results of Wang and Wang’s study with a
longer specimen since the pellet stiffness contribution to the overall rod stiffness will likely
decrease with the length of the rod, which may influence some of these results.
This study was carried out using a single-cell spacer to predict the modal behavior of an intact
fuel rod. However, a fuel assembly consists of several rods held together in a multi cells spacer
or spacer grid. The present study aimed to contribute to providing a baseline for further studies
on the structural performance of the spent nuclear fuel assembly during normal conditions of
transportation. Further studies with multi-cell spacers would be necessary to investigate the
interaction between rods inside the grid as well as in the area between the supports.
In this study, it was numerically demonstrated that the modal response of single fuel rods
depends more on the geometric configuration of the spacer grid components than their stiffness
values. Since it is acknowledged that different shapes had been used in different studies, a
sensitivity study using different spring and dimple geometric configurations would help
evaluate the variability of the modal response of a single fuel rod as a function of the geometric
configuration of the spacer grid.
The next steps in the current project should include the investigation of the pinching effect and
the fretting wear damage of the fuel rod by the supports using the single cell spacer designed
herein, or even better, a prototype design by a spacer grid manufacturer such as Westinghouse.
This effect can become important when evaluating the potential damage to degraded cladding
during transportation. The fretting wear damage of the fuel rod could be evaluated, for example,
by inducing longitudinal oscillatory motion on the fuel rod by the shake table. For the pinching
effect evaluation, the fuel rod supported by single cell spacers could be attached to a
continuous rigid base plate and mounted on a vertical guide rail system with rolls allowing the
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fuel rod to slide vertically when dropped and ensuring normal contact between fuel rod and
support components during the impact on the ground. In this process, the configuration of the
single cell spacer could need to be modified in order to have alternatively the dimple or spring
at the bottom of the fuel rod. However, since the dimple is the stiffer of the two components,
the configuration with dimple at the bottom of the fuel rod should be prioritized for the fretting
wear study.
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7 NUMERICAL SIMULATIONS RESULTS FOR REVERSE V
SHAPE SPRING
To design a spring with a reverse V shape, numerical simulations were performed using a line
load along the width of the tip of the spring. Using the linear relationship between force F and
displacement x (F = k.y), a displacement of 6.67x10-3 mm was targeted to reach the stiffness
value of 150 N/mm for an applied force of 1 N. Combinations of different thicknesses (t),
widths (w), height (h) and spans (L) of spring were used. The results presented in Table 14 and
Table 15 are for a span of 30 mm and a height of 3 mm. To mesh the spring, C3D8R elements
were used and a seed was defined for the entire spring, but the thickness was subdivided into
different elements to try to improve the convergence of the displacement. Unfortunately, the
result did not converge for all of the trials even after reaching the maximum allowed number
of elements.
Table 14. Trial with seed = 0.2
Seed = 0.2
t=0.5 mm
w = 5 mm

# Thick_Divisions
2
4
8
16

# Elements
8008
16016
32032
64064

y (E-3 mm)
0.665
0.575
0.547
0.516
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Table 15. Trial with seed = 0.1
Seed = 0.1
t = 0.5 mm
w = 5 mm
t = 0.4 mm
w = 5 mm
t = 0.3 mm
w = 5 mm
t = 0.2 mm
w = 5 mm
t = 0.1 mm
w = 5 mm
w = 10 mm

# Thick_Divisions
2 (5really)
4 (5 really)
8
16
# Thick_Divisions
4 by default
8
10
12
# Thick_Divisions
4
8
10
12
# Thick_Divisions
4
8
16
# Thick_Divisions
4
8
4
8
16

# Elements
30800
61600
123200
246400
# Elements
30800

y (E-3 mm)
1.146
0.781
0.726
y (E-3 mm)
0.885

Far stiffer than the targeted
stiffness
# Elements
61600

y (E-3 mm)
1.079

Far stiffer than the targeted
stiffness
# Elements
y (E-3 mm)
61600
1.534
Far stiffer than the targeted
stiffness
# Elements
y (E-3 mm)
61200
3.424
122400
3.277
122400
2.779
Far stiffer than the targeted
stiffness

The cell filled in black is the one in which the analysis had to be stopped since convergence
was not achieved in more than an hour of run time.
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